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SUMMARY

Tests under combined axlal loed and normal pressure were
made on 29 245—T aluminum allo¥ sheet—stringer panels. The
panels had lengths of 1? and 19 inches, widths ef 161 and
24% inches, and sheet thicknesses of 0.025 and 0.C51 inch.
They were reinforced by extruded Z stringers spaced 4 inches
between centers. The normsl load on the sheet side of the
panel was varlied from 8 psi of wvamcuum to 16 psl of pressure.

Empiricel formulas were derived for predicting the effect
of normal pressure on the strain for dbuckling of sheet between
stringers. The observed buckling strains were compared with
theoretical values obtained in NACA Technical Note No. 9489.

The axial load cerried by the sheet was measured for all
the panels. The measured egxial 1l9ad was compared with the

thenretical azxial load fer sheet without normal load as given
hy Marguerre.

The maximum load and the mode of failure were observed
for a2ll the penels. The measured loads were compared wilth
values obtained from the nomogram in NACA Technical Note No.
856 for flat panels of the same design without normal pressure.
A simple formula was fitted to the data to describe the re—

duction of maximum axial load due to the presence of normal
pressure.
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INTRCDUCTION

An understanding of the effect of normal pressure on the
strength of axially lomded sheet—stringer panels 1s important

in the construction of airplane wings, pressurized cabdbins,
and hull bottoms.

Experimental results on the effect of normal pressure on
the critical compressive stress of sheet are limited to those
presented in reference 1 for curved sheet specimens. Theo—
retical rTesults on the effect of normal pressure on axially

loaded sheet, having simply supported edges are presented in
reference 2.

The tests described in this paper were made at the request
of the National Advisory Oommittee for Aeronautics to provide
additional experimental data and to derive empirical formulas
for determining the buckling load, loced carried after buckling,
and ultimate load of sheet—stringer panels under combined
axial locad and normal pressure.

This investigation, conducted at the National Bureau of
Standards, was sponsored by and conducted with the financlal
assistance of the National Advisory Committee for Aeronautics.

DESCRIPTIOY OF SPECIMENS

The dimensions of the panels are given in table 1 and in
figure 1. The stringers, the sheet, znd the rivets were 245-T
aluminum alloy. The stringers were extrusions with a Z section
having nominally the same dimensiors for =211 the paenels. Actu-—
elly their cross—sectional area varied between 0.168 and 0.201
square inch. All the panels hed a nominal rivet spacing of

20 times the sheet thickness a2nd a2 nomin=al stringer spacing
of 4 inches.

Panels 1 ta 10 were tested over the widest range of normal
pressures from 8 psi of vacuum to 16 psi of pressure, and were
considered %o be the Pasic set of panels, Panels 11 to 17
were included to determine the effect of a change in sheetd
thickness, panels 18 to 21 to determine the effect of a change
in panel length, panels 22 to 25 to determine the effect of a
change in both sheet thickness and panel length, and panels

26 to 29 to determine the effect of z change in both panel
length and paneil width,
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The thickness of the sheet in the panels was taken as
the average of a large number of measurements. The varietion
of sheet thickness in & given panel did not exceed 0.007 1nch.
The cross—sectional area of each panel was determined from
its weight, density, and length after correcting for the
weight of the rivet hepds. This ares differed by not more
than 0.2 percent from the area obtained from cross—sectioneal
dimensions.

Mechanical Properties of Material

Tenslle tests and single thicknese compressive tests
(reference 3) were made on specimens from the sheet used in
the panels. The resulting compressive stress—strain curves
are glven in figure 2, and the mechanical properties in both
tension and compression are given 1in table 2.

Compressive properties of the stringers were determined
from compressive tests of 4—inch lengths of the stringer
stock. One such test was made for each panel tested. The
resulting family of compressive stress—strain curves and the
median stresg—strain curve are shown in figure 3. It was
necessary to use the medlian curve of figure 3 for computations
for all the panels since the correspondence between the number—
ing of the stringer samples and the numbering of the panels
was not clear. PFYortunately, except for 2 of the 29 curves,
the difference from the median curve was less than 1 percent.
For the remasining 2 curves the differences in modulus were
2 and 3 percent and the differences in yield strength (0.002
sffset) were 5 and 6 percent.

Ereparation of Panels

The ends of each panel were ground flat end parallel.

The panel length, weight, and crogs—sectional dimensions were
then determined.

Test Fixture, Pressure on Sheet Side

A specimen set up for axial load combined with normal
pressure on the sheet side is shown in figures 4 and 5, The
specimen was set with its centroid at the center line of the
machine. The axial losd was applied to the panel through the
ground end blocks C. The normal pressure was applied by means
of the ailr cell B which was made of rubberized balleon cloth
welghing about 0.04 pounds per square foot. The lateral
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force developed by the pressure was transferred from the ends
of the panel to the reaction bars A which were rigidly fastened
to the end blociks C. Distortion of the sheet at the ends of
the panel was prevented by casting Wood's metal D and F be—
tween the ends of the specimen and the reaction bars A sznd

the back plate B, respectively. The reaction from the back plate
& was carried to the end blocks by the lugs I. The inter—
mediate rollers G permitted free motion of the hezds relative
to the back plate as the specimen shortened under load. This
errangement left the specimen practically free to deform under
load aend did not apply lateral forces to the testing machine.

Tests Fixture, Vacuum on Sheet Side

The setup for this condition of loading is shown in
figure 6. In this case the reaction bars A were relocated on
the end blocks so that the lateral force was carried directly
by the sheet. The Wood's metal D prevented the stringers
from rotating and as in the previous case prevented distortion
of the sheet at the end of the panel. The lateral force on
the vacuum cell F wase carried to the end block by direct
connection at one end =and by the roller & at the other. The
gaps between the vacuum cell, the specimen, and the hesads
were sealed by a loose fold of rubberized cloth cemented as
shown at H. Small leaks were sealed with hot beeswax.

Test Fixture, N¥o Pressure

The procedure for tests with no pressure was identicel

with that used for the pressure tests except that no cell
was employed. :

Pressure equipment

The svstems for applying pressure and vacuum were eauipped
with regulator vzlves which maintained the desired pressure.
Fressure and vacuum were measured by means of a mercury
manometer calibrated in pounds per sqguare inch.

Loading
*hen loading the panel, the ratio of axisl 1¥ad to normal

pressure was always maintained sufficiently high %o prevent
tipping of the end of the panel on the steel loadineg bloek.
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The loads for a particular panel were increased in small steps,
keeping this ratio in mind. After the normal pressure reached
2 predetermined value, it wes held constant and the panel was
tested to failure by further increases in tke axial load. In
some of the panel tests the axial load was brought back to a
low value with zero normal pressure at regular intervals %o
measure the permanent set in the stringers and in the sheet.

Strain Measurements

FPairs of 2-—ineh Tuckerman strain gages were attached to
the stringers of the panel. One gagze of each pair was attached
directly to the outstanding fiange. "The remainine zage of
each pair was attached to the stringer flsnge joined to the
sheet using the lever strain transfer described on paege 4 of
reference 4.

Wire strain gages of the SR-4 type were attached to the
panels in addition to the Tuckerman gages when it was found
that the Tuckerman gages could not be relied upon %o give
the increment in strain during buckling; the buckling was
sometimes so violent that it unseated the Tuckerman strain
gages.

Figure 4 shows one of the panels set up for test with
the strain gages attached. Most of the SR~4 wire strain gages
are on the under side of the stringers aznd therefore are not
visible in the photograph.

Figure 7 shows the location of the strain gages on the
stringer cross section. The stralin € at the centroid of
the stringer and the strain €' at the point of contact of
the sheet and the stringer were computed from the measured
strains on the assumption that the strain in the stringer
varied linearly with the distance from the sheet. This
assumnption of linear strain variation was partially checked
by attaching twelve SE~4 type A-1l wire straein gages to a
single stringer of the type used in the panels and testing
it under axial load. No deviation from linear strain vari-—
ation across the section was observed until after severe
bending 2t an axial stress of 40,000 psi.
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Uniformity of Strain

After mounting the panel in the testing maehine, the
strain was measured for small increments in axiapal load. At
a load of about 10 percent of the expected maximum load, those
panels which did not show a2 uniform strain distribution were
removed from the testing machine and their ends were reground.
They were then rechecked for uniformity of strain before test—
ing. The maximum initisl departure from uniformity in the
penels as tested was 10 percent. Most of the panels showed
considerably better uniformity.

Buckling

The buckling of the sheet between stringers, the buckling
of the sheet between rivets, z2nd the twisting of the stringers
was noted by freaquent visual inspection as well as by the rpop
which in most cases accompenied buckling between stringers.

Regults of Test in Elastic Range

Panel 13 having 0.051—inch sheet with a 4~inch stringer
spacing was loaded through a range of lateral pressures ud %o
7 psi and exial loads up to 30 kipes iIn the elastic range to
determine the effect of lateral pressure on the behavior of
the sheet. The sheet in this ranel buckled a2t an axial lo=d
of 17 kips with no leteral pressure. For each combination of
axial load and latersl pressure the load was increased from a
low load (axial load 4000 1b, lateral pressure zero) to the
test load Dy two sequences. For the first seguence, the axial
load was increased to the test axial load and then the later=al
pressure was increased to the test lateral pressure; while for
the second segquence, the order was reversed. This was done
to determine the effect of sequence of loading. A permanent
set reading was taken after each load reading to check thet
the elastic range as measured at the stringers hed not been

exceeded. The repetition of loading hed no effect on the
buckling load.

Buckling.— The development of the buckle pattern is in—
dicated in figure 8. It is evident that the application of
lateral pressure Iln some cases postponed buckling %o higher
axial loads. The changes in buckle pattern observed were
mostly of the "snap" type. They were accompanied by a sudden
decrease in the axial load of 50 to 100 pounds. The number of
buckles increased with the axial load over a range of axisal
loads from 18 to 30 kips. The order of application of the
loads had only & minor effect on the buckle pattern.
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Sheet load.~ In figure 9 is shown a plot of the sheet
load as a function of lateral pressure and edgse strain. The
sheet load was computed from the measured stringer strains by
subtracting the corresponding stringer loads from the total
load. The sheet load for a given edge strain was changed
less than 5 percent for a range of lateral pressures from
O to 7 psi. The sequence of application of the loads in no
case changed the sheet locad by more than 2 percent.

In conclusion, the tests of panel 13 in the elastic
range showed that iateral pressure from O to 7 psl had some
inflvuence on the buckling load (fig. 8), but changed the sheet
load for a given edge strain less than 5 percent. The order
of loading had e negligible effect nn the sheet buckling and
affected sheet load by less than 2 percent.

Results of Tests to Failure

Strains.— The load—strain graphs are shown in figures 10
to 38. The stringer strains are the strains € at the cen—
troids of the stringers and the sheet strains are the strains
¢! in the extreme fiter of the stringer &t the contact be—
tween stringer and sheet. The axial load at which the lateral
pressure p was applied is indicated on the figures. Loads
at which buckling of the sheet between stringers occurred
are 2lso given in the figures. The permanent set readings
are given on some of the graphs.

An increase in axial lozd in general caused all the
strains to increase by the same asmount; while an increase in
normal pressure in general caused & divergence between the
strains read at the sheet and at the stringer centroid. The
effect of pressure on the sheet side on the strains at the
midlength was to increase the compressive strains at the
sheet and decrease the comPressive sitrains at the stringer
centroid. Vacwuum on the sheet side had the reverse effect.

Buckling.— The strains at which buckling of the sheet be—
tween stringers was first noticed mare given in table &. For
most of the panels having lateral pressures of 1 psi or more,
the buckling was of the "snap diaphragm" type. Two kinds of
buckling of the sheet between stringers were observed. For
the panels with relatively low pressures, the buckles ex—
tended from stringer %0 stringer Just as for flat panels}
while, for the panels with relatively high lateral pressure,
some of the buckles extended only part way from stringer %o
stringer as in a thin-walled cylinder uyunder axiazal lo=d.
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In figure 32 are shown a2t A, the lateral deflection of the
unbuckled sheet; at B, a buckle extending from stringer to
stringer; and at C, dbuckles extending ornly part way from
stringer to stringer.

In addition to buckling of the sheet between stringers,
there was buckling of the sheet between rivets. The nominal
rivet spacing of 20 sheet thicknesses In the panelis was chosen
to give no buckling between rivets prior to failure in the
absence of normal load. Only eight panels hed buckles between
rivets prior to failure. The buckling occurred nearly at
failure. There wzs no indication that the normal load had
appreciably reduced the strazins for buckling between rivets.

Failure.— The maximum load and the average stiress at
failure are given in table 4. The average stress at failure
varied from 12.9 ksi for penel 18 with 8 psi of vacuum,
0.C25—inch sheet and 19—inch length to 32.7 ksi for panel 5
with 1/2 psi of vacuum, C.02F5—inch sheet and 12—inch length.
The averaze stress at failure for 0.051—~inch panels was 7
percent less than for comparadle C.025—4inch panels.

ANALYS IS

Buckling of sheet between stringers.— A theoretical
discussion of the behavior of a simply supported, long, rec—
tangular plate, 1ength/width ratio 4, under combined axial load
and normal pressure is given in reference 2. Figures 6 to 9
and tables I to IV of refererce 2 indlcate that dbuckling can
occeur as follows for such a plate:

pb* /Et*

03 €,..b2/t® = 3.84

& <
Pb /Et = 2.40; € _ bv%/t% = 4.1

(1)
pb*/Bt* = 12.02; 7.32 < €opb*/t°<10.51

pb“/Et® = 24.03; 10.24 < €_ p2/t3<15.42
where
b stringer specing
P normal pressure
t sheet thickness
€

ey ©Critical buckling strain
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The limiting values of critical strain when pb*/Et* = 12.02
and 24.03 indicate a range of values 0f €,.,b%/t% within
which the sheet can be in stable equilibrium irn either the
buckled or unbuckled state. Above this range the sheet must
be buckled and below 1t the sheet must be unbdbuckled.

In figures 40 and 41 are plotted the experimentally
observed buckling estrains for sheet between stringers as =
function of lateral pressure. TFigure 40 corntains the data
corresponding to all panels having a nominal sheet thickness
of 0,025 inch while figure 41 contains the deta for all panels
having a rominal sheet thickness of 0.051 inch. It is evident
from figures 40 and 41 that panel width and panel length as
well es thie divection of the lateral pressure (acting on
stringer or sheet siae) had negligible effect on the strain
at which »uckling o0f the sheet between stringers occurred
while the magnitude of the lateral pressure had a2 large effect.

The theoretical buckling strains according to equation
v1l) are plotted as vertical bars in figures 40 and 41. They
were computed by sudbstituting in equations (1) the nominal
valuzsg 9 = 4 iInches, t = 0,025 1inck, E = 10.6 x 10° psi
for figure 40 and the nominal values b = 4 inches, t ¥ 0.051 inch,

E = 10.7 x iG° pei for figure 41. In comparing theoretical
and measured buackling strains it must be remembered that
equation { 1) corresponds %6 simple support along the edges
while the edge conditions ir the test panels were intermediate
between simple and clamped support.

The Increase in edge restraint above simple support
has opposite effects on the buckling strain of the sheet,
depending on the magnitude of the lateral pressure. At
very low pressures the sheet buckles as a flat plate at =
strain which will increase with the amount of edge restrainst.
At sufficiently high pressures the buckling strain is deter—
mined principally by the transverse curvature which is produced
by the "dishing in" of the sheet under lateral pressure. The
dishing in and the transverse curvature are decreased with in-—
creasing edge restraint. Hence, at high pressures, a decrease
in buckling strain with increase in edge restraint is expected.

The anomalous effect of edge restraint on buckling strain
may be responsible in part for the fact thaet the experimental
buckling straine in figures 40 and 41 for the panels with
intermediate support are larger et low pressure than the theo—

retical buckling streins for simple support, while they are
smaller at high pressures.
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The anomealous effeect is checked by the experimental
fact thet the buckling was first observed on interior
bays for every one of the panels having more than 2 psi
of pressurs or vacuum while for the remalning panels
buckling occurred in the edge bays first or all over at
once. The edge stringers twisted, corresponding to an
edge condition nsarer to simple support, end mads the
dishing in of the edge bays dseper than that of the
interior bays. For panel 12 this was checked by
measuring lateral deflections due to pressure. It was
found that the edge bays dished 37 percent mors than the
interior bays.

& quantitative measure of the anomalous effect can
be obtalned by fitting an emplrical relation to the
experimental buckling strains in figures 4O and L1,
Such an empirical relation was obtsasined by noting from
equations (1) that the eritical strain ratio ecrbz/t2

shculd be some funcilon of the pressure ratioc pb*/Et%.
In figures J0 snd L1 are shown straight lines, faired
threough the dsta, corvesponding to & linear rslation
between these varlaeblss. These straight lines are for
the 0.025«inch sheet:

= <
“or E_ = 7.0 + 0.062 %%r (b/t = 160) (2a)
t
and for the 0.05l1l-1nch sheet:
€ b - b‘ —
er = = L.5 + 0.16 oA (v/t = 78) (2b)
£ gt?

The flrst term on the right-hand side of thesse equatlons
correspondas to the csse of no lateral pressure. Comparing
this texrm with the theorctical value for a long plate with
clamped edgss and with simply supoorted edges (refersnce T,
pp. 60L=607):

6.0 clamped edges

Q
L
dqc&
]

cr Eg = 3.7 simply supported edges
t
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showse that the 0.025—inch sheet in figure 40 approached a
condition of rigid clamping at the stringer while the
0.051—inck sheet in figure 41 approached a condition of
simple support.

The coefficient of the pressure term on the right-hand
side of equations (2a), (2b) is about 160 percent larger for
(2b), approaching simple support, than for (2a), approaching
clamped suppurt. in other words, the buckling strain for
large pressures on these panels can be increased about 2.6
times by descreasling the edge restraint at the stringer from
rigid clamping to simple support.

The effect of changing the thicknegss of sheet, with a
given edge condition, is also brought out clesrly by equations
(2&). (2b). With inzrezsing thickness the first term, corre—
sponding to buckling at low pressure is increased; while the
second term, corresponding to buckling at high pressure, 1is
decreased. This accounts for the experimental fact, shown
in figures 40 and 41, that the panels with the thin sheet,
figure 40, were more stable at pressures above 8 psi than
the panels with the heavy sheet in figure 41.

In applying equations (2a), {(2b) it must be remembered
that they are based on tests involving only one stringer
spacing, b = 4 inches, two sheet thicknesses, t = 0.025 and
0.051 inch, and one type of stringer. The equations are
not recommended for design outside of the range of variabdles
involved in the test.

Sheet Load.— The sheet load per sheet bay Psh wes

calculated by subtracting the load carried by the stringers
from the applled load and dividing by the number of sheet
bays. (¥o correction was made for the extra 3/8 inch of
sheet beyond the rivet line of each edge stringer.) Tre
load on each stringer was obtained from the strain at the
stringer centroid, the compressive stress—strain curve

( curve B, fig. 3), and the cross—sectional area of the
stringer (table 1). The sheet load per sheet bay Psh'

80 determined, is plotted in figures 42 to 48 against the
sheet strain (strain at extreme fiber of the stringer at the
contact between stringer and sheet ). Figures 42, 43, 46, and
48 are for panels with 0.025—inch sheet; while figures 44, 45,
and 47 are for panels with 0.051l—inch sheet.
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Figures 42 to 48 show that the effect of lateral pressure
ie much more pronounced for the 0.025—inch sheet than for the
0.051—inch sheet. The sheet load for a given edge strain is
decreased by lateral pressure for strains less than the
buckling strain with no lateral pressure, but is Ilncreased
for strains somewhat greater than the buckling straln with no
lateral pressure. Comparison of figures 42 to 48 with each
other show that the sheet load per bay ls uneffected by the
over—all panel width, panel length, or direction of appli-
cation of the normal load (i.e., pressure or vacuum).

A theoretical value of the sheet load for the case where
the normal pressure is zero can be obtained from Marsuerrels
formula (reference 6, p. 12). According to this formula,
in the elaestic range the load per sheet bay Psh carried by

a2 sheet of thickness t between sitringers with a2 spacing b
at an edege streaein et is:

P, = btEB €7; €1<3.64t2/p%
(3)
3.64t2\175
Py = BtB €' |\ —u— T3 €'>3.645% /bR

It is shown in reference 6 that Marguerre's formula
gives values of sheet load that are from 8 percent more to
20 percent less, inside the elastic range, than measured
values for panels similar to those of this report but with—
out normal pressure.

The panels of this report with a nominal sheet thickness
t = 0.025 inch had an average Young's modulus of the sheet

E = 10.6 x 16° psi and an average stringer spacing b = 4
inches. For these panels, equations (3 reduce to

P 1.06 x 10° €1, €1<0.000142

sh

4

2/3 ()
55320(€t) . €'>0.000142

HJ
]

sh
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For the panels having a nominsl sheet thickness t = 0.051
inch s the average Young's modulus of the sheet was

10.7 x 10% psi, and the stringer spacing was b = 4 inches.
For these panels, equations (4) reduce %o

2.182 x 10% 1, €1<0.000592

( )
5
/3

a
P 183,600 (e1t) . €'>0.0005¢2

sh

Bquations {4) and (5) are plotted in figures 42, 43, 46,
48 and 44, 45, 47, respectively. Comparison with the observed
sheet loazds 3in these figures shows that Marguerre's formula
gives a conservative value of the sheet load regardless of
pressure, except at losds Delow the buckling load for some
of the panels carrying laree lateral pressure. The measured
sheet loads are in some cases considerably more than the 20
percent in excegss of Marguerre's formulas observed in reference
6 for panels without normel pressure. This indicates that
Karguerre's formula may be conservative in the range between
the buckling strain ‘and failure by even more than 20 percent,
rarticularly in the presence of normal pressure.

Failure.—~ The data in table 4 showing the effect of
normal pressure on the average axial stress at fallure are
plotted in figures 49 to 5%,

Normal load caused a small reduction (about I/2 percent
per psi) in the axial load at failure for the 12—inch panels
(fige. 49 and 50) and = somewhat greaster reduction (about 2
percent per psi) for the 19—inch panels (figs. 51 to 53).
The direction of application of tke normal load — that is,
pressure or vacuum on the sheet gide — has no effect on the
magnitude of this reduction. The panels with 0,025—inch
sheet (figs. 49, 51, and 53) show approximately the same
reduction as the panels witk 0,051—inch sheet.

In additiorn there is plotted in figures 49 to 53 an
estimated stress at fallure determined from the nomogram in
figure 56 of reference 6 using average panel dimensions and
a value of Ogy (stringer stress at failure) of 39 ksi for
the l2—inch panels and 36 ksi for the 19—inch panels. The
value of 36 ksi was chosen for 19-—-inch panels on the basis
of unpublished tests.
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The stress obtained from the nomogram agrees with the
observed stresses within 6 percent for all the panels tested
with a lateral pressure of 4 psi or less of normal load.

L gsimple correction to take account of the reduction of
axial stress at failure due to normal lomd was derived on the
assumption that the reduction would be proportional to the
ratio of center deflection to length with only normal load
acting. On this basis, the reduction for a particular type
of stringer should be proportional to pb13/EX, where p
is the normal pressure, b is the stringer spacing, 1 1is
the length, and EI igs the bending stiffness per bay. For
the purposes of this simple correction, EI was taken as
the bending stiffness of a single stringer with a sinegle
sheet bay attached and 1t was assumed that the sheet was
fully effective. On this basis,

P P p1®
LA <_> [1 - K2 ] (8)
A A“nomo BI

where

P/A average axial stress at failure

(P/A)omo valuerof P/A determined from nomogram in

reference 6
k empirical constant to be determined from datea

The value of k which gave the best fit to the date in fig—
ures 49 to 53 using EI = 478,000 pound—inches square for
0.025—inch panels (figs. 49, 51, and 53) and BEI = 583,000
pound—inches square for the 0.,051—1inch panels (figs. 50

and 52) was ¥ = 0.39. Formula (6) then becomes
P __(P) (. — 0.3gBbl° (7)
A \A/nomo L - EI

Equation (7) is plotted in figures 49 to 53 for comparison
with the data. The failing stress of 27 of the 29 panels
tested agree with equation (7) within 6 percent. The
remaining two panels, 18 and 21 of figure 51, carriled 8 psi
of normal load and were 18 percent weaker and 9 percent
stronger, respectively, than indicated by eauation (7).
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CONCLUS IONS

In the elastic range, a panel with 0,051—inch sheet =znd
4—inch stringer spacing subjected to normal pressures from
O to 7 psi showed some change in buckling loed with normal
Pressure, but showed changes of less than 5 percent in the
sheet load for a given edge gstrain, the order of loading
(i.e., pressure or axial load first) had a negligible effect
on the buckling of the sheet and affected the sheet load by
less than 2 percent.

Normal pressure did not appreciably reduce the strain
for buckling between rivets.

The combined effects of normal pressure and panel length
caused a variation in average axial stress at fallure from
19.9 ksi for a 18—inch panel with 8 psi of vacuum to 32,7
kei for a 12—inch panel with —1/2 psi of vacuunm. Increasing
sheet thickness from 0.025 to 0.061 inch caused a 7—percent
reduction imn average stress at failure, corresponding to the
smaller reinforcement ratio.

The critical buekling strein of the sheet was found to
depend on the sheet thickness, the lateral pressure, and the
restraint of the sheet at the stringer edge. It was not _
affected by panel width, panel lenesth, and direction of normal
pressure (on sheet side or on stringer side). Analysis of
the data 1lndicated that the eritical buckling strain for
small lateral pressures depended principally on the flexursal
rigidity of the sheet and on the type of edge restraint; it
was increased with an increase in sheet thickness and an in—
crease in edge restraint. At large lateral pressures, on
the other hand, the buckling strain depended principalliy on
the amount of transverse curvature produced by the dishing
under pressure; it was decreased with an inerease in sheet
thickness and an increase in edge restraint. Ag a result of
the opposite effects of changes in sheet thickness at low
bressure and at high pressure the measured buckling strains
for the panels with 0,025—inch sheet exceeded those for the
panels with 0.051—inch sheet for lateral pressures greater
than 8 psi. Empirical formules were derived to describe the
effects on the buckling strain of changes in sheet thickness,
lateral pressure, and edge restraint for panels similar %o
those tested.
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The sheet load per bay was unaffected by the panel width,
panel length, or direction of application of the normal load
(i.e., pressure or vacuum). The sheet load for a given edge
strain was decreased by lateral pressure for strains less than
the buckling strain with no lateral pressure, but was Iincreased
for strains somewhat greater than the buckling strain with no
lateral pressure. The measured load for all values of lateral
pressure was greater than that given by Marguerrels formula
for the effective width of a sheet with simply supported
edges, without lateral pressure, except at loads below the
buckling load with no lateral pressure,.

Lateral pressure caused a small reduction (a2bout 1/2 per—
cent per Psi) in the axial load at fallure for the 12—inch
panels and a somewhat greater reduction (2bout 2 percent per
psi) for the 19—inch panels. The direction of the lateral
pressure had no effect on the magnitude of this reduction.

The panels with 0,025—inch sheet showed approximately the
same reduction es the panels with O0.051—inch sheet.

The maximum axieal load for all panels tested with 4 psi
or less of normal pressure agreed within 6 percent with values
obtained from a nomogram (reference 6) designed to predict
the maximum axiel load of panels without normal pressure.

A simple correction formule to take account of the reduction
in axial load at failure due to normal load is presented.

The nomogram, together with this correction formula, gave
maximum loads which asagreed within 6 percent with the observed
maximum loads for 27 of the 29 panels tested. The remaining
two panels falled at loads 9 percent more and 18 percent
less, respectively, than the predicted loads.

Nationel Bureau of Standards,
Washington, D. C., July 24, 1945.
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TABLE 1.~ DIMENSIONS OF PANELS AND MAXIMUM NORMAL PRESSURE
[See also fig. 1.]

Yositive values indicate pressure on sheet side; negavive values indicate vechum on sheet side.

Normall Length |Thickness {Width Cross— Cross- Stringer { Normal
Panel | pressure, | of panel,|of sheet, | of panel, | sectlonal | sectional | spacing, | pregsure
number ) 1 t W area of | area of b ratio,

. panel stringer 4 4
(pei) (in.) (in.) (in.) (sq in.) | (sa 4n.) | (in.) |odb /Bt
1 -8 11.22  {0.0251 16.73 1.306 0.178 1,00 495
2 -l 11.98 .0an2 16.75 1.300 176 4.00 237
3 -2 11.96 0451 16.70 1.ﬁoo .196 4.00 123
L -1 11.92 .0249 16.73 1.769 190 L, 00 63.4
5 ~1/2 11.97 .0253 16.75 1.359 197 4,00 29.2
6 0 11.98 .0219 16.75 1.365 .189 4,00 0
7 L 11.98 .0250 16.75 1.272 7L L,00 250
g 8 11.96 .0250 16.75 1.203 177 4 00 512
9 12 11.97 .0250 16.75 1.450 A7k 4,00 735
10 16 11.98 . | .0250 16.75 1.302 177 .00 979
11 -8 11.93 .0513 16.75 1.770 182 L,00 27.4
12 -2 11.96 .0515 16.75 1. 744 176 4.00 6.7
1 -1/e 11,96 L0507 16.73 1.733 177 4,00 1.83
1 0 11.96 L0511 16.75 1,738 .176 .00 0
15 4 11.97 .0516 16.75 1.743 176 4,00 13.2
16 8 11.95 0515 16.75 1.773 A% k.00 27.0
17 16 11.96 .0520 16.75 174 A7 4,00 51.9
18 -8 18.96 .0250 16.76 1.258 .168 4,00 k99
19 -1/2 18.92 0254 16.75 1.9 .193 k.00 31.2
20 0 18.94 0256 16.75 1.275 290 4,00 0
21 g 18.93 L0257 16.78 1,392 192 %.00 Wy
22 -8 18.94 0517 16.72 1.757 179 4,00 27.0
23 -2 18.55 0523 16.75 1.778 .180 1,00 6.46
2l 0 18.94 .UR16 16.75 1.818 .191 4,00 0
2h 8 18.94 .0521 16.75 1.758 77 4.00 6.2
26 -8 18.94 0259 24,76 2.0Ug .201 4.00 ok
27 ~1 1€.94 0262 24,76 1.898 179 ﬁ.oo 5l.7
5 3 98 | B | BRIS | BB BB R

"ON NI VOWH

1901

8T



TABLE 2,~ TBNSILE AND COMPRESSIVE PROPERTIES OF SHEET

=t
[See also fig. 2.) E
=
Sheet |Direction Young!s itodulus Tield strength Secant2 Tensile -
uged in of Tension{Compression (cffsut=0~2§) yield strength | strength Q
panels?frolling [Tension | Compression com?reasion )
(ks1) (ksi) (ksi) (kst) kst) (kst) p
7 - o
A Longitudinal|10,100 10,500 56.5 47.0 47.3 70.7 .
Transverse (10,300 - F8.9 - R 68.6
B Longltudinal 10,506 [10,700 £2.b 15.0 45,2 72,2
Transverse |[10,300 - ﬁS.T - - 69.7
C Longltudinal|{10,300 [10,800 58.6 beLl 48.1 72,9
1 Transverse 110,300 - 50,1 - - 71.6
D Longitudinall10,300 {10,600 8.6 ug.7 u8.6 73.5
DIrangverse |10,300 - 50.0 - - 12.2

1, panels 1, 3, %, 7, 8, 18, 19, 20, 21, 27
B, panels 2, 5, 6, 9, 10, 26, 28, 29

0, panels 11, 12, 1k, 15, 16, 17

D, panels 13, 22, 23, 24, 25

aStreas at intercept of stress-strain curve and secant line through origln with
slope 0.7E.

61
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TABLE 3.-~ STRAINS AT FIRST OBSERVED BUCKLING OF SHEET

Buckling of sheet between stringers| Buckling of shest
Panel Part way between | Stringer to between rivets
stringers stringer

1 0.0031 0.00125 (1)
2 (3) . 00094 (1)
3 .00058 .00061. (1)
L (1) . 00055 (1)
5 (1) .ocool (1)
6 (1) . 00040 (1)
7 () .00130 (1)
g .00151 .00155 =F
9 .0025 .0018 (2)
10 .0030 .0027 =F
11 (2) .00158 °F
12 - (1) .00105 *F
13 (1) .00089 (2)
14 (2) . 00090 (1)
15 (i) .0011 él)
.001 F
i? §1§ .0022 *F
18 () .0009 (v
19 () . 0004k ()
a b}
21 23 0006 (23
22 (1) .00087 (%)
23 ) .00089 (1)
2k (1) .0C087 °F
25 (2) .0018 F
26 () .0012 (2)
27 () .0007 (1)
28 (1) . 00055 (1)
29 (1) .0017 (1)

lNone obgserved.

3p

-9

ocbserved either st or Jjust prior to failure.
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TABLE 4.~ FAILURE OF PANELS
Pressurel Maximum Average

Sheet on sheet Panel axial axiel stress,
Panel thickness side length load, P P/A
(in.) (psi) (in. (kips) (ksi)
1 0.0251 -8 11.92 39.2 30.0
2 .0252 -L 11.98 40.8 31.4
3 .0251 -2 11.96 ys.5 32.5
L .0249 -1 11.92 by 32.5
5 .025% -1/2 11.97 N L 32.7
6 .o2l9 o] 11.98 u3.6 32.0
7 .0250 L 11.98 39.2 30.8
8 .0250 g 11.96 39.9 30.6
9 .0250 12 11.97 39.3 30.5
10 .0250 16 11.98 28.5 29.6
11 .0513 -8 11.93 51L.6 29.2
12 .0515 -2 11.96 52.1 29.9
13 .0507 -1/2 11.96 51.7 29.8
ih .0511 o] 11.96 51.3 29.5
15 L0516 4 11.97 4g9.9 28.6
16 .0515 8 11.95 4g.8 28.1
17 .0520 16 11.96 47.0 27.0
18 .0250 -8 18.96 25.0 19.9
19 .0254 -1/2 18.92 43,5 30.7
20 .0256 o] 18.94 1.3 30.0
21 .0257 g 18.93 37.0 26.6
22 L0517 -8 18.94 40,7 23.2
2 .0523 -2 18.95 4g.4 27.8
2 .0516 0 18.94 52.k4 28.8
25 .0521 8 18.94 Lo.5 23.0
26 .0259 -8 18.94 47.6 23.2
27 .0262 -1 18.94 53.2 28.0
28 .0259 o} 18.93 59.5 29.2
29 .0258 8 18.90 46.6 24.8

INegative values correepond to

vacuum on sheet side,




Figure 1.- Construction of sheet-stringer psnela and
nominal dimensions of stringer.
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Figure 4
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Figurs 34,- Test of panel 25. Pressure on sheet side, 8 pal,
length. 19 inches: oheet thickneas, 0,031 in.
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39.- Deflection of gheet unde¥ compined axial 10ad4 and lateral pressurs. At A, un-
buckled sheet; at B, bue

(D

r to stringer.

kling from gtringer;

and at

¢, buckling only part way

10T "ON AL YOVR

- ——



=

Sheet srroiz for buckiing

o8

e
2 A Fa2b)
g 1 1
? /1 |
W/ e ¥ If@/

gik
AP
Q
0k
A
¥
mh

R
Loterad pressure, p, b/#?

[~
o

Figurs 40.- Effect of latoeral preesure on sheet atrain at

A and B, panele with pressurs and vaguum on sheet side
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